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regulator of G protein signaling; platelet-derived growth factor; G protein-coupled receptor; vasoactive agonists; cardiovascular signaling ANGIOTENSIN, endothelin, thrombin, acetylcholine, and catcholamines are major regulators of both smooth muscle contraction and arterial wall mass. All of these agonists transmit their signals through G protein-coupled receptors (GPCRs), a family of genes that comprise ϳ1% of the mammalian genome (11) . GPCR-mediated signaling has many implications for vascular disease. The characterization of the receptor-agonist interaction should be and has been an important therapeutic target for both systemic and pulmonary hypertension. An equally important target may be the complex of regulatory molecules that determine the extent and duration of GPCR signaling within the vascular smooth muscle cell (VSMC). Expression of different regulators may determine very different functions for the same GPCR in different cells. One such group of regulatory protein, the regulator of G protein signaling (RGS) proteins, has been implicated in controlling the function of vasoactive GPCRs.
Members of the RGS protein family determine the signaling pathways downstream of activation of G proteins (5, 20, 32, 37, 58, 82, 83) . Modulation of GPCR signaling by RGS proteins depends on the function of RGS proteins as activators of GTPase activity for GTP-bound G␣ large G proteins (9, 25) . Because of this activity, members of the RGS-R4 subfamily appear to be critical to cardiovascular function and pathology (5, 62) . For example, cardiac-directed overexpression of RGS5 and RGS4 results in the failure to efficiently remodel in response to pressure overload (41, 59, 60) . RGS2 has been linked to blood pressure regulation, presumably via modulation of vasocontractility (31, 38, 56, 66, 70) . We have demonstrated RGS5 is preferentially expressed in aortic SMCs, relative to venous SMCs (1, 2) . Developmental studies and studies of tumor angiogenesis suggest RGS5 may be critical to vascular stability in newly formed vascular beds (7, 34, 51) . Finally, we (55) and others (18, 22, 30) determined that RGS5 is also linked to blood pressure regulation.
The present study is aimed at determining which physiological agonists control RGS5 expression in vascular SMCs. Very little is known about regulation of expression in this gene family other than the observation that ANG II upregulates RGS2 expression in vitro, both at the transcript and protein level (43, 61) , whereas sphingosine-1-phosphate (S1P) upregulates RGS2 and RGS16 expression (36) . In contrast, we found that RGS5 expression is not directly regulated by any of the seven candidate GPCR agonists assayed following either 2, 6, or 24 h of stimulation. We previously demonstrated RGS5 expression is downregulated in response to aortic constriction (79) . Perhaps explaining this in vivo response, RGS5 expression is downregulated in response to platelet-derived growth factor (PDGF) treatment. This results in increased migration and hypertrophic signaling in VSMCs. These results suggest that the role of PDGF in the vascular response to injury may be mediated by cross-talk between the growth factor and GPCR signaling pathways.
MATERIALS AND METHODS

Cell Culture
All cells lines were derived from the rat aorta. The RGS5 Ϫ VSMC line is described in Wang et al. (79) and was cultured in DMEM (GIBCO) and supplemented with 10% FBS (Hyclone) and penicillinstreptomycin. The RGS5 ϩ VSMC line was kindly provided by Dr. Gary Owens [University of Virginia (68) ] and was cultured in DMEM/F12 (GIBCO), supplemented with 10% FBS (Hyclone) and penicillin-streptomycin. All cells are grown at 37°C and 5% CO2.
Importantly, RGS5
ϩ VSMCs express members of the RGS-R4 subfamily at endogenous levels (see Fig. 2 ).
Viral Overexpression of RGS5
The construction and production of RGS5 retrovirus are described in Wang et al. (79) .
siRNA Knockdown of RGS5 Expression
RGS5 was knocked down in RGS5
ϩ VSMCs using a specific small interfering RNA (siRNA) from Invitrogen (5=-AAUUCUCACAG-GCAACCCAGAACUC-3=). VSMCs were transfected by electroporation with the human AoSMC nuclefector kit (Amaxa Biosystems) following manufacturers specifications. Briefly, 6 ϫ 10 6 cells were transfected with either RGS5-specific siRNA (40 nM) or nonspecific siRNA (40 nM; Invitrogen) and plated at a final density of 1 ϫ 10 6 cells/100 mm dish (for protein isolation) or 1 ϫ 10 5 cells/6-well dish (for RNA isolation) and grown in complete growth media. After 24 h, the cells were changed to serum-free media and starved for 24 h. Cells were subsequently treated with the following agonists for 24 h: ANG II (100 nM; Sigma), endothelin-1 (ET-1; 100 nM; Sigma), phenylepherine (PE; 10 M; Sigma), isoproterenol (Iso; 10 M; Sigma), serotonin (5-HT; 5 M; Sigma), norepinephrine (NE; 10 M; Sigma), sphingosine-1-phosphate (S1P, 1 M; Cayman), PDGF (10 ng/ml; R&D systems), vascular endothelial growth factor (VEGF; 10 ng/ml; R&D systems), and epidermal growth factor (EGF; 10 ng/ml; R&D systems).
Quantitative Real-Time RT-PCR
RNA was isolated from VSMCs with or without agonist treatment using the RNAEasy RNA isolation mini kit (Qiagen). After determination of RNA quantity and quality, cDNA was prepared by reverse transcription (Reverse Transcription cDNA Synthesis kit; Applied Biosystems), using random hexamer primers. Real-time PCR was performed by mixing 20 ng cDNA with 20ϫ primer-probe mixes and 2ϫ Taqman PCR Master Mix (Applied Biosystems), and the quantity of each product was determined on the 7900HT Real Time PCR machine (Applied Biosystems). Thermal cycling for PCR was as follows: 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of 15 s at 95°C for denaturation and 1 min at 60°C for annealing and extension. The amount of each target molecule mRNA was calculated using a comparative C T method (2^-⌬⌬CT; Applied Biosystems, Relative Quantitation Of Gene Expression, ABI PRISM 7700 Sequence Detection System: User Bulletin no. 2), after normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (48) . The rat genes assayed were the following: RGS2 (Rn00584932_m1; Applied Biosystems), RGS4 (Rn00568067_m1; Applied Biosystems), RGS5 (Rn00571047_m1; Applied Biosystems), and GAPDH (Rn99999916_ s1; Applied Biosystems).
Immunoblot
Protein cell lysates were prepared from VSMCs following 0, 2, 5, 10, 30, and 60 min of agonist treatment. Briefly, cells were washed and scraped into 1ϫ PBS. Whole cell extracts were prepared by resuspending the cell pellet in lysis buffer [50 mM Tris·HCl (pH 8.0), 120 mM NaCl, 0.5% Igepal, 1 mM EDTA, and protease inhibitor cocktail (Calbiochem)]. After protein quantitation, 16 g of each protein extract was separated on 10% bis-Tris gels. Proteins were transferred to PVDF and blocked with 5% nonfat dry milk (NFDM) in TBS-T (0.1% Tween). Membranes were incubated with the following primary antibodies overnight at 4°C, diluted in 5% NFDM in TBS-T: 1:1,000 phospho-p42/44 (Thr202/Tyr204; pERK) (Cell Signaling); 1:5,000 total p42/44 (ERK) [kindly provided by Dr. Jean Campbell (65)]; 1:1,000 phospho-Akt (Ser437) (Cell Signaling), 1:1,000 phospho-SAPK/JNK (Thr183/Tyr185) (Cell Signaling), 1:1,000 phospho-JNK2/3 (Cell Signaling); and 1:20,000 ␤Actin (Abcam). After 4ϫ washes with TBS-T, membranes were incubated with the following secondary antibodies at room temperature for 1 h, diluted in 5% NFDM in TBS-T: 1:8,000 goat ␣-rabbit IgG HRP conjugate (BioRad); 1:8,000 goat ␣-mouse IgG HRP (Bio-Rad). After 4ϫ washes with TBS-T, blots were incubated in ECL reagent (Super Signal West Pico, Pierce) and exposed to autoradiographic film.
Hypertrophy Assay
After agonist stimulation for 24 h, cells were incubated with 1 Ci [ 3 H]leucine for 5 h. Cells were washed 2ϫ with cold PBS, followed by washing 2ϫ with 10% TCA. To precipitate proteins, the cells were incubated with 1 ml 0.5 N NaOH for 15 min at room temperature. Cell lysates were transferred to scintillation vials and mixed with scintillation fluid, and the radioactivity was quantified with a scintillation counter.
Migration Assay
Transwell plates (Costar) were pretreated with 0.1% collagen (type 1) (Sigma) overnight at 4°C. RGS5
ϩ VSMCs were trypsinized, counted, and resuspended in migration media [DMEM/F12 supplemented with 0.2% BSA (Sigma)] at a final concentration of 1 ϫ 10 6 cells/ml. After removal of collagen and being washed with serum-free media, 1 ϫ 10 5 cells were plated in the upper chamber of each well. Migration media containing PDGF (0, 0.3, 1, or 3 ng/ml) or VEGF (0 or 1 ng/ml) was added to the lower chamber after incubation of the cells for 30 min at 37°C. After incubation for 7 h, the cells are fixed (MeOH for 15 min, 70% EtOH overnight at 4°C). The migrated cells are stained with hematoxylin and Scotts blue. The membrane was excised and mounted on glass slides, and the number of cells/40ϫ field was counted. (32)]. RGS-R4 subfamily proteins interact specifically with the G␣ q and G␣ i large G proteins (9, 25, 69) . Therefore, it is expected that RGS-R4 subfamily members will regulate signals of common vasoactive agonists, which signal through G␣ q -and G␣ i -dependent GPCRs. Among others, RGS2 has been shown to interact with the ␣ 1A -adrenergic receptor (33, 80) , whereas RGS4 interacts with the acetylcholine receptor (63) and the opioid receptor (29) . Here, we demonstrate that viral overexpression of RGS5 results in a downregulation of hypertrophic responses to GPCR agonists ( Fig. 1) . Using [ 3 H]leucine incorporation as a measure of hypertrophic protein production, we demonstrate PE, ET-1, and ANG II-induced hypertrophy is inhibited by approximately 25% on average (25%, 18%, and 36%, respectively). Therefore, in VSMCs, RGS5 interacts with G␣ i and G␣ q and effectively inhibits GPCR-mediated hypertrophy.
RESULTS
Overexpression of RGS5 Inhibits the Hypertrophic Response in Rat Aortic VSMCs
Characterization of an In Vitro Model System: Expression of RGS5 in a Cultured VSMC Line
Rat aortic VSMCs express RGS-R4 subfamily members.
Because of the concern with the physiological relevance of overexpression of a regulator of signal transduction, we explored the physiological role of RGS-R4 proteins in an in vitro rat aortic cell line that expresses RGS5 and other members of the RGS-R4 subfamily, at endogenous levels. Although RGS5 is the most abundant arterial RGS-R4 subfamily member (see below), VSMC cell lines derived from rodents rapidly downregulate RGS5 expression when placed in culture. After screening a number of available cell lines, we obtained and characterized a rat aortic VSMC cell line that maintains expression of the RGS-R4 subfamily members.
Relative quantitative real-time RT-PCR analysis demonstrates RGS5 and RGS4 are approximately equally expressed, whereas RGS2 is expressed at lower levels ( Fig. 2A ). This closely relates to additional analyses from our laboratory demonstrating the differential expression pattern for individual members of the RGS-R4 subfamily in the rat and the mouse aorta in vivo: RGS5 Ͼ RGS4 Ͼ RGS2 Ͼ RGS16 (data not shown). While an absence of sensitive antibodies makes protein quantification of the RGS-R4 subfamily members difficult, we propose the modulation of RGS mRNA expression and the subsequent measurement of GPCR signaling activity is the best approach to study the functional effect of RGS-R4 expression changes.
Knockdown of RGS5 by siRNA is specific to RGS5 relative to other closely related RGS-R4 subfamily members. RGS proteins have highly conserved structures and functions throughout evolution. This is of particular importance when comparing members of the RGS-R4 subfamily, since this family is structurally described as having short NH 2 -and COOH-terminal domains and the catalytic RGS domain, which comprises approximately two-thirds of the protein (25, 69) . Therefore, when specifically targeting one member of the family with a siRNA, it is necessary to determine whether the expression of additional members is accidently modified. As demonstrated in Fig. 2B , relative to RGS2, RGS4, and RGS16, we have specifically targeted RGS5 by siRNA knockdown. Furthermore, we analyzed RGS5 expression 24 h following knockdown with two additional siRNAs (see supplemental Figs. S1 and S2B online at the AJP-Cell Physiol website) and confirmed that multiple independent siRNAs have equivalent effects upon RGS5 expression. Therefore, in subsequent studies, we are confident we have knocked down RGS5, and we can attribute the functional response in these cells to RGS5 expression (or loss thereof).
RGS5 Expression Regulates the Functional Response in VSMCs
Knockdown of RGS5 activates endogenous GPCR-mediate signaling in VSMCs. RGS proteins, as GTPase activating proteins (GAPs) (24, 27, 62, 87) , function to inhibit GPCR signaling through G␣ GTP -dependent pathways. Since overexpression of RGS5 affected the ANG II-dependent hypertrophic response, we focused on the effects of RGS5 knockdown on this signaling pathway. ANG II has been shown to activate multiple signaling pathways (74, 84) . Importantly, phosphorylation of mitogen-activated protein kinases (MAPKs) has been implicated in the contractile, mitogenic, and trophic responses of arterial VSMCs (16, 42, 44, 47, 67, 86) . Therefore, to determine whether RGS5 expression regulates ANG Fig. 2 . RGS5 expression regulates ANG II-stimulated signaling pathways. A: relative expression of RGS-R4 subfamily members was assessed in rat aortic VSMCs by quantitative Real-Time RT-PCR (qPCR). In multiple rat aortic VSMC isolates, the expression of RGS2, RGS4, and RGS5 was determined and normalized to the relative expression of RGS2 (2 Ϫ⌬⌬Ct ). Error bars are means Ϯ SE; n ϭ 4. B: specificity of the RGS5 small interfering RNA (siRNA) was assessed by qPCR. As shown, the siRNA specifically downregulates RGS5, independently from other RGS-R4 subfamily members (error bars are means Ϯ SE; n ϭ 3). C: knockdown of RGS5 expression stimulates ANG II-stimulated phosphorylation cascades. VSMCs were stimulated with ANG II (100 nM) in the presence of either RGS5 siRNA (left) or nonspecific siRNA (right). Whole cell extracts were prepared and immunoblotted. The phosphorylation of ERK, AKT, and JNK is stimulated when RGS5 is specifically knocked down. ␤-Actin is shown as a control for equivalent protein loading. D: quantitation of immunoblots (error bars are means Ϯ SE; n ϭ 3) demonstrating RGS5 knockdown stimulates ANG II-mediated phosphorylation of ERK. E: RGS5 knockdown induces ANG II-stimulated hypertrophy. VSMCs were transfected with either RGS5 siRNA or nonspecific siRNA, stimulated with ANG II (0, 10, 50, and 100 nM) for 24 h, pulsed with 1 Ci 
II-dependent signaling, the effect of specific knock down of RGS5 upon MAPK stimulation was analyzed in vitro. Figure 2C demonstrates that targeted knockdown of RGS5 results in the potentiation of ANG II-mediated activation of multiple downstream MAPKs. Twenty-four hours after siRNA treatment, VSMCs were stimulated with 100 nM ANG II. Relative to the VSMCs treated with nonspecific siRNA, phosphorylated ERK (p42/p44) was markedly activated in the VSMCs treated with RGS5 siRNA. A similar response was observed for the two additional RGS5-specific siRNAs assayed (see online supplemental Fig. S2 ). This response is quantified in Fig. 2D . This induction occurred within 2 min after ANG II treatment and diminished after 10 min of ANG II treatment. Phosphorylation of two additional kinases, Akt and JNK, was similarly activated within 2 min of stimulation, although the phosphorylation was not as sustained as observed for pERK. Similarly, RGS5-dependent responses were observed for additional GPCR agonists studied (ET-1, PE, Iso, S1P, NE, 5-HT; see supplemental Fig. S3, A-F) . In summary, RGS5 expression clearly controls the GPCR-mediated rapid and transient increase in kinase phosphorylation in VSMCs.
RGS5 inhibition activates the hypertrophic response in VSMCs. To confirm the activation of functional cascades downstream of ANG II stimulation, the analysis of hypertrophic incorporation of [ 3 H]leucine was analyzed in the presence and absence of RGS5-specific siRNA. As expected, knockdown of RGS5 resulted in an approximately fivefold increase in hypertrophic protein production (Fig. 2E) . Interestingly, knockdown of RGS5 expression does not sensitize VSMCs to the ANG II-mediated hypertrophic response. Specifically, an induction of hypertrophy is only observed when VSMCs are stimulated with 100 nM ANG II but not at lesser ANG II concentrations (either 10 or 50 nM). As above, similar RGS5-dependent hypertrophic responses were observed for additional GPCR agonists studied (ET-1, PE, Iso, S1P, NE, 5-HT; see Supplemental Fig. S3G ). Taken together, these data indicate that in VSMCs, RGS5 expression controls both the transient signaling events (MAPK activation is largely complete 10 min after ANG II stimulation; Fig. 2, C and D) and the more long-term physiologicalal effects in response to GPCR stimulation (hypertrophic growth is assayed 29 h following ANG II stimulation; Fig. 2E ), and specifically, the signaling pathways stimulated by ANG II treatment.
Agonist-Dependent Regulation of RGS5 Expression
GPCR agonists do not directly activate RGS5 expression in
VSMCs. Expression of some members of the RGS-R4 subfamily is directly controlled by GPCR agonist stimulation. For example, RGS2 expression is upregulated in response to ANG II treatment both in cultured VSMCs (43) and in the adrenocortical carcinoma cell line (61) . To determine whether RGS5 expression is similarly induced in response to GPCR stimulation, VSMCs were treated with ANG II, ET-1, PE, Iso, 5-HT, NE, and S1P, and the expression of RGS5 was determined by quantitative real-time RT-PCR. In contrast to the described induction of RGS2 in response to ANG II stimulation, none of the GPCR agonists studied significantly affected RGS5 expression levels following 2, 6, or 24 h of stimulation (Fig. 3A) . As demonstrated in Fig. 2 , C and D, when RGS5 is knocked down, ANG II-mediated phosphorylation of ERK, Akt, and JNK occurs rapidly. Therefore, to investigate whether short-term GPCR stimulation had any affect upon RGS5 expression, we assayed a few candidate GPCR agonists (ANG II, PE, ET-1) for changes in RGS5 mRNA levels. As expected from the more extended stimulation assays, acute stimulation by these three candidate agonists had no significant effect upon RGS5 expression (Fig. 3B) . Taken together, this indicates an alternative mechanism(s) is controlling expression of RGS5, and potentially additional candidate RGS-R4 subfamily members, in cultured VSMCs.
PDGF-BB stimulation directly represses RGS5 expression in VSMCs. We are interested in the possibility that PDGF might regulate RGS5 expression because RGS5 and the PDGF-R␤ are expressed in pericytes, which function to stabilize neovasculature (7, 12, 13, 21, 53) . The effect of PDGF upon a GPCR-mediated pathway is not unexpected because there is growing evidence of cross-talk between GPCRs and receptor tyrosine kinases (RTKs) (40, 54, 78, 81) . Treatment of VSMCs with PDGF-BB resulted in the immediate and sustained downregulation of RGS5 expression (Fig. 3C) . As shown, RGS5 expression is downregulated by 25%, 50%, and 80% following 2, 6, and 24 h of PDGF stimulation, respectively. Importantly, this effect is specific to PDGF, whereas additional RTK stimulants (VEGF and EGF) failed to alter RGS5 expression. Figure 3C clearly demonstrates that PDGF-BB treatment downregulates RGS5 expression. Unfortunately, PDGF-BB binds all conformations of the PDGF receptor in vitro: the PDGFR␣ homodimer, the PDGF␤ homodimer, and the PDGFR␣/␤ heterodimer (3, 71) . Therefore, to determine which receptor is responsible for the downregulation of RGS5, VSMCs were treated with each PDGF isoform (PDGF-AA, -BB, -CC, and -DD). In addition to RGS5 expression, the expression of both RGS4 and RGS2 was also determined by quantitative real-time RT-PCR in response to each of the PDGF isoforms.
PDGF isoforms have different effects on RGS-R4 subfamily member expression.
In VSMCs, the PDGF-AA and PDGF-CC isoforms did not significantly affect RGS2, RGS4, or RGS5 expression following stimulation for 2, 6, and 24 h (Fig. 3D) . Conversely, the PDGF-BB and PDGF-DD isoforms regulated expression of these RGS-R4 subfamily members. RGS5 and RGS4 were downregulated by both PDGF-BB and PDGF-DD throughout the stimulation time course. Interestingly, RGS2 was acutely induced by PDGF-BB and PDGF-DD stimulation; however, expression decreases in a similar pattern to both RGS5 and RGS4 following 6 and 24 h of stimulation. As with the published activation of RGS2 by ANG II (43, 61) , our results provide another example of different regulatory mechanisms controlling the expression of these different RGS-R4 subfamily members. Finally, since an equivalent effect on RGS5 and RGS4 expression is observed following PDGF-BB and PDGF-DD treatment, and PDGF-BB has been shown to only Fig. 3 . The effect of GPCR-and receptor tyrosine kinase (RTK)-stimulation on RGS-R4 subfamily expression. A: VSMCs were stimulated for 2, 6, and 24 h, with GPCR agonists: ANG II (100 nM), ET-1 (100 nM), PE (10 M), isoproterenol (Iso, 10 M), serotonin (5-HT, 5 M), norepinephrine (NE, 10 M), and sphingosine-1-phosphate (S1P, 1 M). The expression of RGS5 was quantitated by qPCR and normalized to the relative expression of RGS5 in untreated cells. B: VSMCs were stimulated for 10, 30, 60, 90, and 120 min with candidate GPCR agonists: ANG II (100 nM), PE (10 mM), and ET-1 (100 nM). The expression of RGS5 was quantitated by qPCR and normalized to the relative expression of RGS5 in untreated cells. C: VSMCs were stimulated for 2, 6, and 24 h, with RTK agonists: platelet-derived growth factor (PDGF, 10 ng/ml), vascular endothelial growth factor (VEGF, 10 ng/ml), and epidermal growth factor (EGF, 10 ng/ml). The expression of RGS5 was quantitated by qPCR and normalized to the relative expression of RGS5 in untreated cells. D: VSMCs were stimulated for 2, 6, and 24 h with each PDGF isoform: PDGF-AA, -BB, -CC, -DD. The relative expression of RGS5 (top), RGS4 (middle), and RGS2 (bottom) was quantitated by qPCR and normalized to the relative expression of RGS5, RGS4, and RGS2 in untreated cells, respectively. Error bars are means Ϯ SE; n ϭ 4. signal through the PDGFR␤ in vivo (3, 49, 73) , the PDGFmediated effect in VSMCs is most likely through PDGFR␤.
RGS5 Expression Controls Physiological Responses of VSMCs
Inhibition of RGS5 expression enhances PDGF-mediated VSMC migration. Classically, PDGF-BB functions to induce the migration and proliferation of VSMCs (15, 28, 57) . To determine whether RGS5 expression regulates a cell's migratory capability, VSMCs were treated with RGS5-specific siRNA and exposed to increasing concentrations of PDGF-BB. As shown in Fig. 4A , PDGF-dependent migration is induced ϳ1.5-fold upon knockdown of RGS5 expression. Interestingly, there is not a concentration dependence of this migratory phenotype, as an equal number of cells migrate at all concentrations of PDGF-BB assayed when RGS5 is knocked down. To confirm that this effect was dependent on PDGF, cells were treated with VEGF and the number of migrated cells was quantitated (Fig. 4B) . As expected for this negative control treatment, VEGF failed to induce VSMC migration when RGS5 was knocked down.
PDGF-dependent inhibition of RGS5 expression activates ANG II-dependent signaling in VSMCs.
Beyond VSMC migration, we determined whether PDGF-BB treatment performed the same physiological role as knocking down RGS5 expression by siRNA in VSMCs. Specifically, we determined whether the signaling and hypertrophic events characterized in Fig. 2 could be recapitulated though the pharmacological knockdown of RGS5 expression by PDGF-BB. As shown in Fig. 5 , treatment with PDGF-BB for 24 h, followed by a short time course of ANG II stimulation, resulted in an equivalent, yet transient, increase in phosphorylated MAPK (Fig. 5A and  Supplemental Fig. S5) . Conversely, when cells were not treated with PDGF-BB for 24 h, ANG II-dependent pERK stimulation is not observed in these RGS5
ϩ VSMCs. The combined effect of PDGF-BB and ANG II on pERK stimulation is quantitated in Fig. 5B . This indicates the GPCRmediated activation of pERK is dependent on first knocking down RGS5 expression by PDGF-BB treatment. Importantly, not only are the signaling pathways downstream of ANG II stimulated, but the hypertrophic response in VSMCs is also activated by the combination of PDGF-BB and ANG II treatment. Similar to the effect in VSMCs treated with ANG II and RGS5-specific siRNA, VSMCs treated with PDGF-BB for 24 h followed by ANG II treatment exhibited a sixfold increase in hypertrophic protein production (Fig. 5C) . Also, as observed following specific knockdown of RGS5 by siRNA (Fig. 2E) , PDGF-mediated knockdown of RGS5 does not sensitize VSMCs to the ANG II-mediated hypertrophic response. As predicted by the siRNA experiment, hypertrophic growth is only observed when VSMCs are stimulated with 100 nM ANG II but not at the lesser ANG II concentrations. To confirm RGS5 expression remained inhibited following PDGF-BB treatment, we assayed RGS5 mRNA expression at each time point of potential agonist addition during the hypertrophy assay. As shown in Supplemental Fig. S4 , once RGS5 expression is inhibited, it remains repressed throughout the entire 53-h experimental time course. Combined, these data provide the first evidence of RTK activation directly regulating the expression of a mediator of G␣ signaling, RGS5, leading to increased cell migration and enhanced hypertrophic signaling.
DISCUSSION
Beyond its role in controlling blood pressure (18, 22, 30, 55) , RGS5 has been implicated in the control of vessel branching in normal development (7, 53) , as well as in cancer (34, 51) . The observations presented here suggest a mechanism by which the PDGF signaling cascade directly regulates GPCRmediated signaling via RGS5 downregulation, thereby linking vascular remodeling to the intricate control of RGS protein expression and the downstream physiological responses (i.e., VSMC migration and hypertrophy).
As expected, we found that RGS5 overexpression inhibits GPCR-mediated hypertrophy in VSMCs (Fig. 1) . This might lead one to expect a feedback regulation of RGS5 expression, as has been reported for ANG II-mediated induction of RGS2 in both VSMCs (43) and adrenocortical cells (61) . However, we found that expression of RGS5 is neither stimulated nor repressed in response to stimulation with GPCR agonists (Fig.  3, A and B) . In contrast, when VSMCs are treated with PDGF, RGS5 expression is inhibited (Fig. 3, C and D) . When RGS5 is inhibited, either by siRNA (Fig. 2B) or pharmacologically (Fig.  3, C and D) , VSMCs become more migratory (Fig. 4) and GPCR-mediated signaling is induced (Figs. 2 and 5) . It is interesting to note that the hypertrophic response is stimulated when RGS5 is knocked down, even in the absence of exogenous GPCR agonists ( Fig. 2E and Supplemental Fig. S3G ). This implies that RGS5 functions to inhibit GPCR-mediated signaling by endogenous agonists present in the culture media. Therefore, by simply knocking out RGS5, signaling, and ultimately hypertrophic growth, is induced. However, when cells are stimulated by additional GPCR agonists, hypertrophic growth is further stimulated in the absence of RGS5. Therefore, RGS5 functions to maintain the "steady-state" of the SMC.
While RGS5 identifies the pericyte and its expression is downregulated in PDGF-BB and PDGFR␤ knockout mice, RGS5-null animals do not have a deficiency in pericyte coverage (12, 13, 35, 55) . Pericytes are SMC-like cells that function to stabilize newly formed capillaries during angiogenesis, including tumor angiogenesis and development (4, 76) . The pericyte is believed to be derived by PDGF-mediated migration of adventitial mesenchymal cells along the axis of newly formed endothelial branches. The process is dependent on endothelial cell-derived PDGF-BB and PDGFR␤ (6, 10, 35, 45) . PDGF-BB and PDGFR␤ knockout mice are characterized by "leaky" and unstable vessels because of the lack of pericytes. Our data suggest that at this stage of pericyte formation, RGS5 expression would be downregulated. RGS5 expression would be upregulated once neovessels are fully encoated by perictyes and are therefore functionally capable of distributing blood flow, as suggested by Mitchell et al. (53) . One possible function of RGS5 is the stabilization or organization of the newly formed vessels, perhaps accounting for the observation that RGS5 controls blood flow through experimental tumors in RGS5 knockout mice (34) and the observation of RGS5 as a tumor progression marker (7, 17, 19, 51) . Whole cell extracts were prepared and immunoblotted for the expression of phosphorylated ERK. ␤-Actin is shown as a control for equivalent protein loading. Note: for comparison, the pERK blot is overexposed relative to the ϩ nonspecific siRNA blot (Fig. 2E) . B: quantitation of immunoblots (n ϭ 4) demonstrating PDGF-BB treatment stimulates ANG II-mediated phosphorylation of ERK. C: PDGF-BB induces ANG II-stimulated hypertrophy. VSMCs were treated with or without PDGF-BB for 24 h, stimulated with ANG II (0, 10, 50, and 100 nM) for 24 h, and pulsed with 1 Ci This hypothesis is strengthened by our observation that RGS5 also opposes PDGF function. This may open up a new and unsuspected variation on the idea of crosstalk between GPCRs and RTKs (14, 52, 54) . Usually this has been thought of in terms of activation of the growth factor receptors following GPCR stimulation (23, 40, 75) . Recently, Wang et al. (78) demonstrated signaling through the angiotensin type I receptor (AT1R) activates the PDGFR␤-dependent signaling cascade. However, all of these studies imply a one-way activation of RTK signaling cascades following GPCR stimulation. This mechanism has been referred to as the triple-membrane-passing-signaling model (77, 81) . Our data showing PDGFR␤ stimulation functions to downregulate RGS5 expression establishes a link between the RTK and GPCR signaling cascade, independent of the GPCR-to-RTK connection established previously.
Taken together, our results have led us to propose the following model (Fig. 6 ). In the quiescent arterial wall, differentiated VSMCs express RGS5, resulting in the inhibition of the GPCR-mediated signaling cascade. Therefore, G␣ q/i signaling is inhibited and cells do not migrate or undergo hypertrophy, even in the presence of circulating/local GPCR agonists (Fig. 6A) . However, upon vascular injury, the local concentration of PDGF-BB increases, through release from platelets, activated endothelial cells, and invading macrophages (50, 64, 72) . As a result, RGS5 expression is inhibited and VSMCs become more migratory and proliferative. In addition, the inhibition of RGS5 expression enables signaling through the relevant GPCRs. The specific inhibition of RGS5 results in the phosphorylation-mediated activation of MAPKs downstream of G␣ q/i , and ultimately, VSMC hypertrophy/ remodeling (Fig. 6B) . Once the injury response is complete, the platelets and macrophage dissipate and the local concentration of PDGF-BB is diminished. As a result, RGS5 expression returns to endogenous levels, and GPCR-mediated signaling is consequently inhibited.
These data correlate with our previously described expression pattern for RGS5 in vivo, in the remodeling response to thoracic aortic banding in the rat (79) . Upon vascular injury, the expression of PDGF is induced, along with the expression of Krupple-like factor 4 (KLF4), which results in a downregulation genes expressed in differentiated VSMCs, including smooth muscle myosin heavy chain and SM22␣/transgelin (26, 46, 85) . Acutely, injured arteries also go into spasm, perhaps due to the combined contractile effect of PDGF and the loss of expression of RGS5 (8) . In addition to stimulating contraction, PDGF also induces VSMCs to dedifferentiate and become more proliferative and migratory (39) , resulting in the classic vascular response to injury.
The data presented here provide a mechanism by which the combined effects of vasoactive GPCR stimulants and the circulating PDGF account for the classic vascular response to injury. Furthermore, our results establish a central role for RGS5, and potentially additional members of the RGS-R4 subfamily, in cardiovascular remodeling.
